Vascular endothelial cells in the central nervous system (CNS) form a barrier that restricts the movement of molecules and ions between the blood and the brain. This blood-brain barrier (BBB) is crucial to ensure proper neuronal function and protect the CNS from injury and disease . Here we demonstrate that the barrier is formed during embryogenesis as endothelial cells invade the CNS and pericytes are recruited to the nascent vessels, over a week before astrocyte generation. Analysing mice with null and hypomorphic alleles of Pdgfrb, which have defects in pericyte generation, we demonstrate that pericytes are necessary for the formation of the BBB, and that absolute pericyte coverage determines relative vascular permeability. We demonstrate that pericytes regulate functional aspects of the BBB, including the formation of tight junctions and vesicle trafficking in CNS endothelial cells. Pericytes do not induce BBB-specific gene expression in CNS endothelial cells, but inhibit the expression of molecules that increase vascular permeability and CNS immune cell infiltration. These data indicate that pericyte-endothelial cell interactions are critical to regulate the BBB during development, and disruption of these interactions may lead to BBB dysfunction and neuroinflammation during CNS injury and disease.
Vascular endothelial cells in the central nervous system (CNS) form a barrier that restricts the movement of molecules and ions between the blood and the brain. This blood-brain barrier (BBB) is crucial to ensure proper neuronal function and protect the CNS from injury and disease 1 . Transplantation studies have demonstrated that the BBB is not intrinsic to the endothelial cells, but is induced by interactions with the neural cells 2 . Owing to the close spatial relationship between astrocytes and endothelial cells, it has been hypothesized that astrocytes induce this critical barrier postnatally 3 , but the timing of BBB formation has been controversial [4] [5] [6] [7] [8] [9] . Here we demonstrate that the barrier is formed during embryogenesis as endothelial cells invade the CNS and pericytes are recruited to the nascent vessels, over a week before astrocyte generation. Analysing mice with null and hypomorphic alleles of Pdgfrb, which have defects in pericyte generation, we demonstrate that pericytes are necessary for the formation of the BBB, and that absolute pericyte coverage determines relative vascular permeability. We demonstrate that pericytes regulate functional aspects of the BBB, including the formation of tight junctions and vesicle trafficking in CNS endothelial cells. Pericytes do not induce BBB-specific gene expression in CNS endothelial cells, but inhibit the expression of molecules that increase vascular permeability and CNS immune cell infiltration. These data indicate that pericyte-endothelial cell interactions are critical to regulate the BBB during development, and disruption of these interactions may lead to BBB dysfunction and neuroinflammation during CNS injury and disease.
To understand the mechanisms of BBB formation, we investigated the sequence of cell generation and BBB formation in the developing CNS ( Fig. 1 and Supplementary Figs 1-7 ). In the rat cerebral cortex, angiogenesis begins at embryonic day 12 (E12), as endothelial cells invade the neural tissue from the surrounding vascular plexus ( Fig. 1a and Supplementary Fig. 1 ). Pericytes-platelet-derived growth factor receptor-b (PDGFR-b) 1 
NG2
1 vascular support cells-are found associated with endothelial tubes as nascent vessels are generated ( Fig. 1b and Supplementary Fig. 1 ). Neural cells are produced from progenitors in a defined sequence, with neurons generated before glia. Oligodendroglia progenitor cells (OPCs), PDGFR-a 1
1 glial cells, are first observed at E19 and migrate throughout the cortex by birth (Fig. 1c) . Astrocytes are first generated directly after birth and extend processes which contact vessels during the first postnatal week ( Fig. 1d and Supplementary Fig. 2 ). If astrocytes induce the BBB, barrier properties should only be acquired after birth.
We next examined endothelial cell protein expression and barrier function during rat cortical development. BBB-forming endothelial cells are characterized by tight junctions, low rates of transcytosis, and the expression of specialized influx and efflux transporters. Tight junction molecules occludin, claudin 5 and ZO-1 were each expressed at endothelial junctions as early as E12 (Fig. 1e , Supplementary Fig. 4 and not shown). The same was observed with the BBBspecific influx transporter Glut1 ( Fig. 1f and Supplementary Fig. 3) . Notably, the BBB-specific efflux transporter Pgp is expressed at low levels during embryogenesis, but increases during postnatal development (Fig. 1g) , indicating a distinct regulation mechanism for efflux transport. Similar timing of cell generation and BBB gene expression was observed in the developing mouse, with vascularization of the cortex starting at E11 (Supplementary Fig. 6 ). The expression of genes that increase vascular permeability, including transcytosis (Plvap) and leukocyte infiltration (Icam1), decreased after initial high expression ( Supplementary Fig. 7 ). The developmental timing of BBB function was examined by trans-cardiac perfusion with tracers. In adults, the small molecule tracer biotin stays within the lumen of CNS vessels and doesn't diffuse into the CNS parenchyma, whereas in non-neural tissue the tracer diffuses throughout the extracellular space ( Fig. 1h-j) . We used this method to examine BBB function in postnatal animals and dissected embryos. At each age tested (E15, E21, P1, P15 and P20) CNS vessels excluded the tracer from the CNS parenchyma (Fig. 1h-j and not shown). In embryonic time points, the tracer was excluded from most of the CNS; however, distinct regions of the CNS displayed leakiness, including regions close to the pia ( Supplementary Fig. 5 ), indicating that serum contents may enter the CNS through pial coverings or choroid plexus. Thus, a functional BBB is present during embryogenesis before astrocyte generation.
Because pericyte recruitment to CNS vessels temporally correlates with the onset of barrier properties, we examined the role of these mural cells in regulating BBB function, structure and gene expression. Although pericytes are associated with the vasculature throughout the body, and thus are unlikely candidates to regulate brain-specific vascular properties, recent studies have demonstrated that CNS pericytes have a different developmental origin from other pericytes 10 , and several studies have suggested that pericytes are capable of regulating BBB properties in vitro [11] [12] [13] . To determine if pericytes are necessary for BBB formation we compared the vascular permeability of Pdgfrb 2/2 mice with littermate controls. PDGFBB signalling through PDGFR-b is essential for pericyte generation, and mice deficient for either the ligand or receptor completely lack CNS pericytes 14, 15 , exhibit endothelial cell hyperplasia, increased vessel diameter and morphological signs of increased vascular permeability 16 . These mice die at birth; therefore, we examined BBB function in dissected embryos. Indeed, Pdgfrb 2/2 mice show an increased vascular permeability to biotin (0.5 kDa), as observed by an increase in tracer staining throughout the CNS parenchyma (Fig. 2a, b) . Decreasing permeability was observed with increasing size of tracer (Fig. 2c) .
CNS vessels have the highest pericyte coverage of any vessels, and the extent of pericyte coverage in vessels throughout the body inversely correlates with the relative permeability of these vessels 17 . To determine whether pericyte number, and not just presence or absence, is an important regulator of BBB permeability, we measured CNS vascular permeability in mice with different combinations of null, hypomorphic and wild-type Pdgfrb alleles. One study 15 generated an allelic series of Pdgfrb hypomorphs, showing that varying the strength of PDGFR-b signalling leads to different pericyte:endothelial cell ratios. We compared the vascular permeability of Pdgfrb F7/2 and Pdgfrb
F7/F7
, which respectively have approximately 40% and 50% of the pericyte coverage of littermate controls 15 ( Fig. 2d-g and Supplementary Fig. 8 ). Indeed, the permeability of the BBB in these neonatal mice, to both Evan's blue and biotin, inversely correlated with the pericyte coverage ( Fig. 2h-k) , demonstrating that pericyte number determines relative permeability of CNS vessels during development.
We next addressed the question of whether pericytes regulate endothelial transcytosis, tight-junction formation and/or transporter expression. Examination by electron microscopy revealed that CNS endothelial cells of Pdgfrb 2/2 mice displayed an increase in membrane folding with membrane protrusions into the vessel lumen, as well as an increase in the number of cytoplasmic vesicles, indicating an increased rate of transcytosis (Fig. 3A-C) . Indeed, examination of biotin leakage by electron microscopy, using streptavidin-horseradish peroxidise (HRP), revealed that the tracer was endocytosed into endothelial cell vesicles (Fig. 3A, d, e, (Fig. 3A, c and B, c) . In control animals, the length of the junction was parallel to the plane of the vessel lumen; however, in Pdgfrb 2/2 mice, the junctional alignment was random, being parallel, perpendicular, or at various angles to the lumen, with junctional membranes often dipping into the lumen or CNS parenchyma (Fig. 3A, c, B, c, and D) . The polarized expression of Glut1 at the abluminal membrane was not affected ( Supplementary Fig. 9 ).
To determine whether junctional abnormalities are due to a lack of pericytes, or other defects in Pdgfrb 2/2 mice, we analysed the function, expression and localization of tight-junction proteins in purified brain endothelial cells cultured alone or with a feeding layer of purified brain pericytes. Purified CNS endothelial cells expressed the tight-junction proteins occludin and claudin 5, which were localized to cellular borders (Fig. 3G, H) . Notably, endothelial cells cultured alone often contained large gaps between cell connections, whereas the endothelial 2/2 mice and littermate controls were classified as parallel to the lumen (0u), perpendicular to the lumen (90u) or in between (45u). *P , 0.05 by Student's t-test. E, F, Cerebral cortex of E18 Pdgfrb 2/2 mice (F) and littermate controls (E) were stained with BSL (green) and anti-occludin (red). Scale bars represent 20 mm. G, H, Purified murine brain endothelial cells were cultured alone (G) or with a feeding layer of purified brain pericytes (H) and stained with DAPI (blue) and anti-claudin 5 (left, red) or anti-occludin (right, red; yellow arrows indicate cell borders). Scale bars represent 100 mm (left) and 50 mm (right). I, Per cent length of sealed claudin 5 and occludin junctions in endothelial cells cultured alone or with pericyte feeder layers. **P , 0.01 by Student's t-test. J, TEER measurements for purified murine brain endothelial cells cultured alone or with a feeding layer of purified brain pericytes. *P , 0.05 by Student's t-test. All error bars represent s.e.m. 
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junctions sealed and the intercellular space diminished when they were cultured with pericytes ( Fig. 3G-I ). This was accompanied by a fourfold increase in trans-endothelial cell electrical resistance (TEER), demonstrating that endothelial tight junctions are functionally tighter in the presence of pericytes (Fig. 3J) .
To determine whether pericytes regulate endothelial gene expression, we used microarray analysis to compare the gene expression of CD31 1 vascular cells purified from Pdgfrb 2/2 mice and littermate controls. In Pdgfrb 2/2 mice, no downregulation of BBB genes was observed, including tight-junction proteins and transporters (Supplementary Table 1 and Fig. 4a, b) . Thus, pericytes are not necessary for induction of BBB-specific genes. In the absence of pericytes, however, expression of genes known to increase vascular permeability, including Angpt2, Plvap and leukocyte adhesion molecules (LAMs), were upregulated. In Pdgfrb 2/2 mice we observed a loss of vascular Angpt1, a Tie2 receptor ligand that decreases permeability, and a corresponding increase in Angpt2, a Tie2 ligand that increases vascular permeability 18, 19 (Supplementary Table 1) , and co-culture of a feeder layer of pericytes with CNS endothelial cells was sufficient to decrease endothelial Angpt2 expression ( Supplementary Fig. 12 ). Pdgfrb 2/2 mice also exhibited an increase in endothelial Plvap expression (Supplementary Table 1) , which was verified by immunofluorescence ( Supplementary Fig. 10 ). Plvap is involved in endothelial vesicle trafficking, and is highly expressed in permeable peripheral vessels and is upregulated in CNS endothelial cells during pathological breakdown of the BBB 20, 21 . Therefore, pericytes may limit transcytosis by suppressing Plvap.
We further examined the gene expression of acutely purified pericytes to identify pericyte-secreted signals (Supplementary Table 2 ). We identified that pericytes express molecules that regulate BBB properties including Angpt1 and Ace2 (refs 12, 22) , as well as a number of other signalling molecules and matrix components. Furthermore, the extracellular matrix is altered in the Pdgfrb 2/2 mouse, including a decrease in several collagen subunits and an upregulation of MMP9, a protease that increases the permeability of the BBB during disease ( Supplementary  Fig. 11 ) 23, 24 . Table 1) , and we confirmed a corresponding increase in protein expression (Fig. 4a, b) . We found that Icam1 was robustly upregulated in specific segments of the vasculature in Pdgfrb 2/2 mice (Fig. 4c-e) , and further demonstrated that co-culture of pericytes with endothelial cells is sufficient to decrease the number of Icam1 1 endothelial cells (Fig. 4f-h ). These data indicate that pericytes may provide signals that limit CNS immune surveillance, a critical feature of the BBB. Indeed, we observed an increase in the number of Gr1 1 leukocytes in the CNS parenchyma of pericyte-deficient mice (Fig. 4i-k) .
These findings demonstrate that pericytes are required for BBB formation during development, and absolute pericyte coverage controls relative BBB permeability. Although astrocytes are not required to initially induce the BBB, it remains likely that astrocytes act to regulate the maintenance of the BBB and its response to neural function and disease. In fact, reactive astrocytes are necessary for BBB repair after injury 25 . Interestingly, even in the absence of pericytes, embryonic CNS endothelial cells express many BBB-specific molecules, indicating that neural progenitors may induce BBB gene expression. Indeed, neuralprogenitor-derived Wnts are critical for CNS angiogenesis and the induction of BBB-specific transporter expression [26] [27] [28] . We propose a new model for BBB formation: endothelial cells are induced to express BBB-specific genes by interactions with neural progenitors, and then the functional integrity of the BBB is regulated by pericytes during development and astrocytes in adulthood (Supplementary Fig. 13 ).
These findings have important implications for understanding BBB breakdown and repair, which is a common component of many neurodegenerative disorders, stroke, brain tumours, CNS trauma, multiple sclerosis and diabetic retinopathy 1 . Notably, loss of pericytes occurs at early stages of diabetic retinopathy, and thus probably has a role in the vascular permeability defects observed during this disease 29 . The finding that pericytes are necessary for limiting CNS immune surveillance has implications for controlling neuroinflammation. For instance, pericytes inhibit the expression of Alcam, which is upregulated in CNS vessels in multiple sclerosis (MS) patients and enhances leukocyte migration across endothelial cells 30 . Identification of molecular mechanisms by which pericytes regulate BBB integrity may lead to new treatments for these diseases.
METHODS SUMMARY
Immunohistochemistry. Rodent tissues were fixed with 4% paraformaldehyde, 10% trichloroacetic acid or 95% ethanol followed by acetone. Tissue sections were blocked with 50% goat serum, permeabilized with 0.2% Triton X-100, and stained 
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with appropriate primary and secondary antibodies. Slides were mounted in vectashield with DAPI (Vector Labs) and visualized by fluorescence microscopy. BBB permeability assays. Anaesthetized rodents were given a trans-cardiac perfusion, with a Dynamax peristaltic pump, of DPBS (Gibco) containing EZ-link sulfo NHS Biotin (Pierce) or biotinylated fixable dextrans (Invitrogen), followed by 4% paraformaldehyde. Tissue cryosections were stained with streptavidin Alexa-488 (Invitrogen) and analysed by fluorescence microscopy. Cell culture. CNS endothelial cells were purified by anti-CD31 immunopanning and CNS pericytes were purified by anti-PDGFR-b immunopanning. For immunofluorescence analysis, CNS endothelial cells were grown on coverslips alone, or with a feeder layer of CNS pericytes grown on cell culture inserts. For TEER measurements, CNS endothelial cells were grown on cell culture inserts alone, or with a pericyte feeder layer grown in the culture well bottom beneath, and resistance measurements were recorded with an EVOM voltmeter. Electron microscopy. E18 Pdgfrb 2/2 and littermate controls were fixed in 2% glutaraldehyde/4% paraformaldehyde, and processed for electron microscopy. To image tracer permeability, E18 Pdgfrb 2/2 and littermate controls were given a trans-cardiac perfusion of DPBS (Gibco) containing EZ-link sulfo NHS Biotin (Pierce) followed by 4% paraformaldehyde, and frozen tissue sections were fixed with 2% glutaraldehyde/4% paraformaldehyde then stained with a HRP-tagged streptavidin (Invitrogen) followed by DAB reaction.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
Animals. Sprague-Dawley rats and C57BL/6 mice were obtained from Charles River. Mice harbouring Pdgfrb 2 and Pdgfrb F7 alleles were obtained from Phillippe Soriano (Fred Hutchinson Cancer Research Center), and lines were maintained by breeding with C57BL/6 mice. Immunohistochemistry. For time course experiments, whole rat and mouse embryos before E15, and dissected brains of embryos between E15 and birth, were fixed overnight in 4% paraformaldehyde at 4 uC. Postnatal rats and mice were anaesthetized with a ketamine (100 mg kg
21
)/xylazine (20 mg kg
) cocktail, and perfused with PBS followed by 4% paraformaldehyde with a dynamax peristaltic pump and then dissected brains were fixed overnight in 4% paraformaldehyde at 4 uC. Staining was performed as described previously 27 , with antibodies directed against PDGFR-b (R&D systems, eBiosciences) and Ng2 (Chemicon) for pericytes, PDGFR-a for OPCs (Abcam), Aqp4 for astrocytes (sigma), Glut1 (Chemicon), Pgp (Sigma) and Icam1 (Abcam), and with appropriate Alexa-conjugated secondary antibodies and counter-stained with BSL-fluorescein (Vector Labs). For ZO-1 and Plvap immunofluoresence, embryos were fixed with 10% trichloroacetic acid for 1 h on ice, before cryopreservation and staining with anti-ZO-1 antibody (Invitrogen) or anti-Plvap antibody (AbD Serotec). Staining for occludin and claudin 5 was achieved by flash freezing dissected brains, or whole embryos for ages less than E15, in OCT. Tissue cryosections were obtained and fixed in cold 95% ethanol for 30 min, followed by 1 min in room temperature acetone. Sections were then rehydrated in PBS, blocked in 50% goat serum and stained with antibodies directed against occludin (Invitrogen), and claudin 5 (Invitrogen), followed by appropriate Alexa-fluorophore-conjugated secondary antibodies and counterstained with BSLfluorescein (Vector Labs). Slides were mounted in vectashield with DAPI (Vector Labs) and visualized by fluorescence microscopy.
For pericyte-deficient mice, Pdgfrb 2/2 and littermate control embryos were flash-frozen and stained using the ethanol/acetone fixation described above with antibodies directed against occludin (Invitrogen), claudin 5 (Invitrogen) and Plvap (AbD Serotec). For Icam1, Ng2 and Glut1 staining, brains of dissected Pdgfrb 2/2 and littermate control embryos were fixed overnight in 4% paraformaldehyde at 4 uC and stained as described previously, with antibodies directed against Icam1 (Abcam), Ng2 (Chemicon) or Glut1 (Chemicon). For Gr1 staining, 5-week-old Pdgfrb F7/F7 and littermate controls were perfusion fixed, and dissected brains were further fixed overnight in 4% paraformaldehyde at 4 uC and stained as described previously, with antibodies directed against Gr1 (gift from I. Weismann). For comparisons of Pdgfrb 2/2 and littermate control brains, sections were analysed on a Nikon Eclipse E800 microscope and images were taken with a Diagnostics Instrument SPOT camera with set exposure to appropriately compare staining between genotypes. Percent length of vasculature with intense Icam1 staining was measured using ImageJ (n $ 4 each for mutant and littermate controls for each stain). For pericyte staining comparing Pdgfrb 
Pdgfrb
F7/F7 and littermate controls were perfusion-fixed and stained with antidesmin antibody (Dako) after antigen retrieval by steaming in a 10 mM citrate buffer for 30 min. Pericyte coverage was quantified using ImageJ to measure the length of BSL 1 vessels associated with desmin 1 pericyte processes (n $ 3 for each genotype). All quantification was performed blind to genotype. BBB permeability assays. Animals were anaesthetized with a ketamine (100 mg kg ) cocktail, and then the thoracic cavity was opened to reveal the heart. The right ventricle was severed and then a DPBS (Gibco) solution containing 1 mg ml 21 EZ-link sulfo NHS-biotin (Pierce) was perfused into the left ventricle using a Dynamax peristaltic pump for 3 min, followed by 5 min of perfusion with 4% paraformaldehyde. The flow rate of the pump was adjusted to match the cardiac output of the rats or mice. Tissues, including the brain, liver and muscle, were dissected and further submersion fixed in 4% paraformaldehyde overnight at 4 uC, before being submerged in 30% sucrose. Ten micrometre cryosections were generated after the tissue was frozen in a 2:1 30% sucrose: OCT mixture. For E15 time points, the entire embryo was submersion-fixed and processed. Tissue sections were treated with a 50% goat serum blocking solution, before staining with streptavidin-Alexa 488 (Invitrogen). Staining of streptavidin was analysed with a Nikon Eclipse E800 microscope and images were taken with a Diagnostics Instrument SPOT camera and analysed by SPOT software. , Pdgfrb F7/F7 and littermate controls, trans-cardiac perfusion of biotin tracer was performed, followed by staining of tissue sections with streptavidin, and quantification of leakage with ImageJ. In each case, perfusions and analysis was done blind to genotype. Electron microscopy. Cerebral cortex from E18 Pdgfrb 2/2 and littermate controls was fixed in 2% glutaraldehyde/4% paraformaldehyde in sodium cacodylate buffer overnight at 4 uC and processed for electron microscopy as described previously 31 (n 5 3 for both mutant and littermate controls). To visualize tracer permeability by electron microscopy, E18 Pdgfrb 2/2 and littermate controls were perfused with biotin followed by paraformaldehyde as described above. Frozen tissue sections were fixed with 2% glutaraldehyde/4% paraformaldehyde in sodium cacodylate buffer overnight and stained with a HRP-tagged streptavidin (Invitrogen) followed by DAB reaction before being processed for electron microscopy. Endothelial cell culture. Endothelial cells from adult C57BL/6 mice brains were purified and cultured as previously described 27 and grown with puromycin for the first 3 days. For mouse and rat brain pericytes, brain tissue suspensions were prepared as described previously 27 , and cell suspensions were incubated on two dishes coated with an anti-CD45 antibody to deplete microglia cells, followed by a dish coated with anti-PDGFR-b to select pericytes. The pericytes were recovered by trypsin treatment and plated on PDL-coated cell culture filter inserts in a DMEM-based medium (Invitrogen) containing SATO, insulin, pyruvate, penicillin, streptomycin, glutamine and 10% fetal calf serum (Invitrogen). After 2.5 weeks, pericyte growth media was exchanged for endothelial growth media, and pericyte inserts were added to endothelial cells for 3 days. Endothelial cells were fixed with 4% paraformaldehyde for 10 min, then block/permeabilized for 30 min in 50% goat serum and 0.2% Triton X-100, and stained with primary antibodies directed against occludin (Invitrogen), claudin 5 (Invitrogen), Icam1 (Abcam) or Angpt2 (Abcam) and appropriate Alexa-fluorophore-conjugated secondary antibodies, mounted in vectashield with DAPI and images were taken with a Diagnostics Instrument SPOT camera analysed using a Nikon Eclipse E800 microscope. Per cent vascular length with closed tight junctions was analysed using ImageJ software. Specifically, total length of cell junctions between two cells was measured, and then the length of these junctions where a single band of occludin or claudin 5 (sealed-staining between arrows in Fig. 3H, right panel) or two bands with diffuse staining between (unsealed-staining between arrows in Fig. 3G , right panel) was measured (n $ 3 paired cultures of endothelial cells alone and endothelial cells with pericyte feeder layer for each marker). For TEER measurements, endothelial cells were isolated as described and grown on the filter membrane of Costar HTS transwell plates, and cultured in puromycin for 3 days, before being transferred to a new dish with media containing hydrocortisone, without puromycin. In the new dish, half the filter membranes were placed in wells with pericytes cultured on the bottom well. Resistance measurements were taken between 10-19 days after coculture with an EVOM voltmeter (World Precision Instruments) and subtracted from resistance of membrane without cellular culture. Unit resistance was calculated by multiplying the resistance by the area of the filter membrane, and averaged for each sample (n 5 6 paired cultures of endothelial cells alone and endothelial cells with pericyte feeder layer). GeneChip. Vascular cells from E18 Pdgfrb 2/2 and littermate controls were purified based on methods described previously 27 . Acutely purified pericytes were purified from mouse brain by anti-PDGFR-b immunopanning as described. Purification of RNA from acutely isolated cells, generation of biotinylated cRNA, subsequent hybridization to Affymetrix Mouse Genome 430 2.0 Arrays LETTER RESEARCH
